The purpose of this article is to provide the reader with a better understanding of radiation hormesis, the investigational research which supports and does not support the theory and the relationship of the theory with current radiation safety guidelines and practices. The concept of radiation hormesis is known to nuclear medicine technologists but understanding its complexities and the historical development of the theory may be pertinent in better understanding radiation safety and regulations.
INTRODUCTION
Hormesis is the concept that biological systems can respond in a positive way, or be stimulated by, low doses of a physical or biological exposure. (1) Additionally, hormesis is defined as any physiological effect that occurs at low doses which cannot be anticipated by extrapolating from toxic effects noted at high doses. (2) Therefore, radiation hormesis is the theory that biological systems can respond positively with exposure from low doses of ionizing radiation.
In contrast to the hormesis theory, much of the radiation safety we as nuclear medicine technologists practice follows a different model. A brief discussion of the dose response models is required to provide the reader an understanding of the differences between a linear no threshold, threshold, and hormetic model which will be discussed in this article. A linear no threshold model states that the biological effects increase as the exposure to the physical or biological agent increases. (Figure 1 ) Threshold models state that no significant 1 by on August 14, 2017 . For personal use only. tech.snmjournals.org Downloaded from biological response is observed until the exposure to the physical or biological agent reaches a threshold dose. (Figure 2 ) Hormetic models state that low dose exposure to a physical or biological agent helps the body, and as the exposure dose increases the benevolent effects decrease. At higher exposure doses, the horrmetic model then takes on a linear appearance and biological damage is determined by increasing dose. (Figure 3) In the United States the Nuclear Regulatory Commission is the governing body that sets limits and enforces laws concerning the safe use of radiation. (3) These regulations in radiation safety assume that radiation follows a linear no threshold model, and the biological effects of radiation are related linearly with the dose. (2) Radiation protection is based on a linear no threshold model, and dose effects at low levels are extrapolated from high level dose information observed from atomic bomb survivors, Chernobyl disaster survivors, and other populations with documented high exposure rates. (4) The hormesis theory is the subject of substantial research to evaluate the ongoing question if radiation continues this linear relationship at low doses or has a different effect. An analysis of the literature demonstrates that radiation science and toxicology may be related with hormetic effects, with numerous epidemiological studies supporting a theory of radiation hormesis; however the theory has not found main stream success. The overall goal of this article is to provide the reader a better understanding of the concept of radiation hormesis and the literature supporting and not supporting the theory.
HISTORY
In the late 1800's the discovery of x-rays by Wilhelm Roentgen, radioactivity by Henri Becquerel, and radium by Pierre and Marie Curie birthed the study of radiation effects on living things. (3) Radiation was first seen as benign and not dangerous, and was used for many personal applications. Radioactive sources, radium especially, could be found in multiple Studies were conducted to determine a dose of radiation that was safe or had no effect, also called a threshold dose. (6) Scientists and officials could not prove, using the high dose atomic bombing data, that such a relationship existed so the affective response at high doses was extrapolated to low doses, and the linear no threshold model was accepted. (6) The linear no threshold model assumes there is not a safe level of radiation, or that all radiation is damaging. 
RADIATION HORMESIS INVESTIGATIONS
From the discovery of the x-ray to the mid 1940's, the idea of hormetic effects of Scientists who favor the hormetic response at low doses, are also divided as to why these effects may occur. Some of the theories assessed include: radiation stimulates DNA repair; free radical detoxification; and immune system stimulation. (6) Advocates of both sides have theories as to what really happens to biological tissue at low doses of radiation. There has been multiple studies through the years on the effects of radiation at lower doses, and many of these studies can be explored in the works of Calabrese and Baldwin. (1, 10) This article will further describe the following areas of investigation of radiation hormesis: 1. modern research into the possibility of hormetic effects from low dose radiation, 2. modern research that shows no hormetic effects, and 3. investigation into reasons why the hormesis model has not been widely accepted.
SUPPORTING INVESTIGATION OF RADIATION HORMESIS
As technology has progressed the ability to study effects at the cellular level has increased. Modern interest in the theory of radiation hormesis gained momentum again during the 1980's. One investigation studied the reproduction of protozoans under the effects of low dose ionizing radiation. (11) In this study, the reproduction and growth rates of T. pyriformis were examined at below background radiation, background radiation, and different low radiation 
NON SUPPORTING INVESTIGATIONS OF RADITION HORMESIS
Not all data in the above studies favor the theory of radiation hormesis. In the previously mentioned article by Calabrese and Baldwin, their review of the history of radiation hormesis showed multiple studies which supported the theory of hormesis, but also included data that 
ADDITIONAL REASONS AGAINST RADIATION HORMESIS
There are also many thoughts as to why radiation hormesis has been suppressed politically, and the linear no-threshold model has been considered the norm. The history presented earlier will give a foundation as to the political and social reasons why the theory of hormesis is not widely accepted. Calabrese 
CONCLUSION
Radiation hormesis is the idea that low doses of radiation may stimulate or have positive outcomes on biological tissue. Ever since the discovery of x-rays, scientists have been trying to determine if there is a safe level of radiation, and the effects of radiation at different levels. In the early years of research the theory of radiation hormesis had scientific and public support.
During the same time many experiments in toxicology showed hormetic effects of various toxicants. Radiation scientists at the time failed to draw similarities between radiation and the toxicology research, and with the change of public opinion, scientific criticism, and other external factors, the theory of radiation hormesis lost momentum. The linear no-threshold model, based on high dose exposure, was accepted for applications of radiation safety and dose effects.
Even though the no-threshold model is widely accepted, there has been a resurgence of literature investigating the theory of radiation hormesis. Articles presented consist of valid epidemiological studies investigating the relevance of radiation hormesis in plants, bacteria, fungi, and mammalian cells. These studies demonstrate statistically significant differences when exposed to low doses of radiation for all of the different cell types investigated. On the other hand, there have been studies indicating low dose radiation has no effect or is inhibitory to DNA strand break repair. Conflicting results from both sides of the radiation hormesis argument demonstrate that effects at low radiation doses are not exactly known. As radiation science moves forward, more research is needed that investigates the theory of hormesis, and raises questions to the validity of the linear no-threshold model at lower doses of radiation.
